We report the first investigation into the potential of electroless nickel deposition to form ohmic contacts on single layer graphene. To minimize the contact resistance on graphene, a statistical model was used to improve metal purity, surface roughness, and coverage of the deposited film by controlling the nickel bath parameters (pH and temperature). The metalized graphene layers were patterned using photolithography and contacts deposited at temperatures as low as 60°C. The contact resistance was 215 ± 23 Ω over a contact area of 200 μm × 200 μm, which improved upon rapid annealing to 107 ± 9 Ω. This method shows promise toward low-cost and large-scale graphene integration into functional devices such as flexible sensors and printed electronics. KEYWORDS: contacting graphene, electroless nickel, contact resistance, transmission line method, interface characterization
■ INTRODUCTION
Novel nanomaterials such as graphene pose a challenge for available ohmic contact deposition techniques, as the associated contact resistance represents a major drawback in highperformance electronics applications. 1 Different methods have been employed in order to reduce and control contact resistance on graphene, such as improved surface cleanliness, 2 controlled introduction of graphene edges, 3, 4 and high purity controlled metal deposition. 5 Contact arrangement and interface engineering have also been attempted for graphene−metal interface improvement. 6, 7 Contact resistances on graphene have previously been reported in the range 294 Ω·μm 8 to 12 kΩ·μm 7 using conventional (thermal and e-beam) evaporation techniques. The reproducibility of contacting methods onto various types of graphene is acknowledged as a major challenge. 9, 10 The electroless nickel plating method provides opportunities over conventional evaporation approaches, the foremost being the processing time (of the order of a few minutes), cost, and accessibility, as it does not require the clean room infrastructure normally associated with evaporation techniques. It can be achieved at low temperatures (T < 100°C), is scalable and ensures isotropic coverage, being suitable for 3D geometries. The method has mainly been applied in printed circuit board manufacture, coatings, and composite applications 11−13 with literature on contact deposition via electroless nickel being limited. 14−17 With the anticipation of a new generation of devices based on graphene and the advent of a wide range of graphene composites, the development of techniques to make effective contacts to graphene and associated materials is essential. Our group has previously demonstrated the possibility of applying the electroless coating technique onto graphene substrates. 18 The work reported here looks to extend these initial trials on electroless nickel coating onto graphene by forming lithographically patterned ohmic contacts onto transferred CVD graphene substrates. First, we look into photolithography integration for repeatable contact metallization, followed by statistical determination of appropriate pH and temperature of the nickel metallization bath. Finally, a detailed analysis of the nickel−graphene contact resistance is undertaken and the interfacial properties of the coating with graphene are assessed. To our knowledge, this is the first such report on applying and characterizing electroless nickel deposition onto graphene surfaces.
■ CONTACT FORMATION
Electroless plating is an autonomous, self-catalytic process based on the reduction of metallic ions from an aqueous metal salt-based solution using, for example, a hypophosphite:
In electroless nickel plating, once the nickel deposition is initiated, each deposited metal layer acts as a catalytic base, enabling further growth for thicker and more coherent coatings 20 compared to its electrochemical counterpart. The general electroless metallization process includes multiple steps, involving surface cleaning/etching followed by one-or two-step surface activation using tin−palladium based solutions and finally nickel deposition.
20, 21 The tin−palladium seeds act as a substrate catalyst, initiating metal deposition. The main advantages of the electroless nickel plating are its tunability and compatibility with a variety of substrates. As with any chemical process, the efficiency of the electroless nickel plating is determined by the experimental conditions employed. The plating rate and metal coating purity are highly dependent on the pH and temperature of the nickel bath 22 but also on the ratio of the concentrations of the reducing agent (e.g., phosphorus, boron, or hydrazine 23 ) and the metal salt (e.g., nickel sulfate, nickel chloride 23 ). The electroless decoration of plastic with nickel has been achieved at 30−40°C in an alkaline nickel chloride bath, 24 on carbon nanotubes at 80°C 25 and 25°C , 26 carbon nanofibers at 70−90°C, 27 and glass at temperatures over 85°C. 28 A series of experiments were initially performed on unpatterned CVD graphene substrates to identify the optimal sensitization and activation times. In order to study the electrical and interfacial properties, electrodes were defined using photolithography. After an initial mask definition, lift-off could be performed at either activation or deposition stages. When performed after activation, the tin/palladium molecular layer was partially removed in acetone, hence inhibiting further nickel deposition in the final step. When performed after metallization, the nickel deposition showed more consistency but issues of adhesion persisted, with process parameters requiring optimization. The integration of electroless nickel plating was finally integrated with mask definition, as depicted in Figure 1 , with details provided in Methods.
The patterned graphene "windows" were inspected throughout the process in order to confirm the preparation of the graphene surface for nickel deposition. Colloidal particles were visible under the optical microscope after the sensitization step, presenting a uniform coating of tin chloride. For activation, XPS analysis confirmed the chemisorption of palladium catalytic molecules onto the sensitized graphene surface ( Figure  S1 in Supporting Information). To determine suitable plating parameters, the graphene samples were metallized in various conditions of the nickel electroless bath according to a basic statistical model, using the most and least extreme pH and temperature conditions in the chosen range (i.e., 60−90°C, pH 6−8). This range was chosen based on previously reported literature of nickel electroless plating, 21, 25, 27, 29, 30 a summary of which is given in Table S1 . A continuous nickel film was observed over the entire surface prior to the lift-off step for all samples. Figure 2 shows the graphene−nickel surface at different growth stages, evolving from discrete particles into islands and finally coalescence of the islands. AFM images of the electroless nickel growth process are shown in Figure S2 . Once the coalescence point was reached, the growth rate of the Ni−P film became linear, in agreement with literature. 31 For MEMS applications, the thickness of the deposited layer must be controllable, which is achievable based on the linear characteristic of the electroless process once the nickel film continuity is achieved. The growth/deposition rate is highly sensitive to the electroless nickel bath conditions. EDX analysis was performed on continuous nickel films at different deposition times, as shown in Table 1 . As removal of the sample would require reactivation (PdCl 2 immersion) Step-by-step electroless nickel deposition onto CVD graphene substrates: surface cleaning, mask definition via lithography, electroless nickel deposition, and pattern transfer via lift-off technique. Microscope images at ×100 magnification are shown for patterning, nickel deposition, and lift-off steps. 
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Research Article before further plating, which would introduce variability in terms of Ni−P composition, different samples were interrupted during the electroless metallization process. Results indicated that with increasing deposition time and film thickness, the Ni:P ratio stabilizes and a better coverage is obtained.
Thicker nickel deposits are observed at the edges of the contacts, indicative of the favored electroless coating at the lithographically defined edges. This may be facilitated by the hydrophilicity of the photoresist. The nickel contacts obtained upon lift-off are shown in Figure 3 , each image being representative of contact definition at the specified temperature and pH conditions: GC1 and GC2 at 60°C and pH 6 and 8, respectively, and GC3 and GC4 at 90°C and pH 6 and 8, respectively. Comparative Ni 2p XPS spectra of the four samples are included in Figure S3 . Under all conditions tested except for GC1, the nickel layer exhibited poor adhesion to the sample, while GC2 and GC3 conditions resulted in discontinuous coating. The deposited nickel films tended to peel to form scrolls in GC4 conditions.
The contact resistance depends on the metallic film's electrical resistivity and interfacial properties. As the electroless deposited film is a Ni−P alloy, the bulk resistivity varies with the P content. 32 It is also acknowledged that the electronic properties of electro(less)-deposited nickel are different from pure Ni. 23 The increase of P content reduces the density of states at Fermi level, resulting in an increase in the work function of Ni−P.
33 By improving the morphology of the electroless nickel film, one can further decrease the contact resistance. Xia et al. 1 showed that a smooth metal surface reduces scattering and increases the mean free path, improving the graphene−metal contact.
Therefore, high nickel metal purity, good interface adhesion, and low surface roughness are essential for obtaining low contact resistance on CVD graphene. EDX and AFM measurements were used to quantify the atomic concentrations, coverage, and surface roughness and are presented in Table 2 . In the case of poorly adhered contacts, nickel flakes were selected for the analysis.
The obtained contour plots presented in Figure 4 indicate that the metallic purity of the coating is highly dependent on the pH of the electroless nickel bath, showing a Pearson correlation coefficient of −0.897, with very limited temperature sensitivity. On the other hand, the surface roughness exhibits an opposite trend with a Pearson coefficient of 0.669 for temperature. A customized multiple response surface design was used to determine that 66°C and pH 6.6 were suitable bath parameters for the electroless nickel process.
■ ELECTRICAL PROPERTIES
The contact resistance was extracted via transfer length method (TLM) structures 34 with both linear (LTLM) and circular (CTLM) patterns defined. The electroless nickel bath was controlled at a temperature of 66 ± 1°C and pH of 6.6 ± 0.1 with a nickel deposition time under 4 min.
Poor adhesion of the nickel film on the samples was still observed in certain areas under these chosen bath conditions, with a deposited layer thickness of between 400 and 700 nm. The local differences in nickel film height can be explained due to the growth being island based. In addition, graphene is known to be highly hydrophobic 35 and one can expect faster nickel deposition rates on the photoresist and graphene defective areas which have improved chemical wettability. 36 Rapid annealing experiments on graphene contacts have demonstrated residue elimination, improved surface smooth- 
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Research Article ness 37 and enhancement of the interface due to the formation of strong covalent bonds between the nickel surface and graphene layer. 38 We performed rapid annealing on the samples at 400°C (120 s) to assess any improvement of the graphene− nickel interface.
The LTLM contacts demonstrated a more consistent adhesion and were thus used for electrical characterization. The I−V contact characteristics, an example of which is shown in Figure 5 , confirm the ohmic nature of the contact. After annealing, the total resistance decreased by 32% (average). Assuming a uniform sheet resistance, the total measured resistance as a function of intercontact length l is defined by
where R sh , R C , and W are the sheet resistance of the graphene, contact resistance, and contact width, respectively. The contact resistance is determined from a linear fit of the measurements from each of the samples (S1−S4) as deposited and after the annealing treatment, being shown in Figure 6 . The extrapolated contact resistance (Ω) is converted into R C W units for a more suitable expression and interpretation. 39 The average contact resistance of 215 ± 23 Ω for as-deposited samples corresponds to 43 ± 5 kΩ·μm, and it is significantly reduced by 50% to 107 ± 9 Ω (21 ± 2 kΩ·μm) after the annealing treatment. It is observed that the annealing treatment improves the adhesion of the nickel onto the samples, in agreement with Gahoi et al., 40 but it ultimately affects the morphology of the nickel layer as circular blisters are formed, especially on the poorly adhered regions (inset in Figure 6 ). This can be explained by the presence of air/gas bubbles which are common in thin metal layers. 41, 42 ■ ASSESSMENT OF FILM QUALITY AND INTERFACE TO GRAPHENE The postdeposition annealing treatment at temperatures of 300−600°C facilitates the crystallization process, leading to an increase in the average grain size and surface roughness. 19 Microcrystalline nickel and nickel phosphide (Ni 3 P) are the common phases for the annealed metal-based composite film and can lead to some level of P atom diffusion. 43 Surface analysis was performed in order to investigate these aspects.
EDX showed that the P content decreased from 14% to 5% on average as a result of the annealing treatment. AFM and ESEM ( Figure S4 ) confirmed an increase in Ni−P film surface roughness from 1 to 42 nm after annealing with the grain size for the annealed sample being 900 nm on average. XRD measurements ( Figure S5 ) show a sharp peak at 44.5°i ndicating (111) orientation. The annealing process drives the initially seeded crystal to further crystallization reflected by 2 orders of magnitude increase in the peak intensity. The (111) arrangement is most prevalent, since it offers the closest packing in the lattice structure for an FCC unit cell with minimum interplanar spacing (d = 2.035 Å). 44 This suggests a reduced bulk resistivity of the annealed Ni−P films due to 
Research Article larger, preferentially oriented grains (less electron scattering), as opposed to the more randomly oriented grains in the asgrown films.
Gaps and poorly adhered areas in the nickel-defined contacts were investigated using XPS and Raman characterization techniques. Figure 7 presents results from XPS mapping of a CTLM structure. The region under analysis is shown in Figure  7a as obtained from the instrument's microscope, where the mapped region is indicated by the green box. Quantified (atomic %) XPS maps for carbon, silicon, and nickel are presented in Figure 7b −d, respectively. The strong silicon signal in areas with visible delamination of the nickel layer is indicative of the graphene layer delaminating from the silicon substrate during the patterning process. This is further confirmed by XPS carbon C 1s spectra, where in regions of delamination, little carbon is present. The complete XPS survey is included in Figure S6 .
Raman spectra was taken across two areas of interest, one being protected by the photoresist during plating (denoted as A) and the other where the plated nickel has delaminated (denoted as B, regions shown in Figure S7 ). The variation of graphene quality across area A is substantial, with single (I 2D /I G ≈ 1.35) and bilayer (I 2D /I G ≈ 0.55) graphene present but also gaps are present in the graphene layer, exposing the silicon dioxide substrate. With two interfaces being involved in graphene contacting applications, graphene−substrate and graphene−metal, 45, 46 graphene quality and uniformity play a major role in interface performance. Asadi et al. 47 named common issues associated with transferred CVD graphene, the most crucial of which here is that the graphene is prone to edge cracks and associated discontinuities which degrade further 
Research Article upon photoresist patterning. The mild cleaning process also affects the quality of the graphene layer, with marked increase in the Raman peak intensity ratio I D /I G from 0.3 for noncleaned graphene to 0.4 for cleaned graphene and a decrease in I 2D /I G from 4.3 to 0.6 ( Figure S8 ). This aspect was also reflected in graphene sheet resistance which increased from an average of 350 Ω/sq to 700 Ω/sq (three samples measured). The Raman peak intensity ratio changes are representative of bilayer graphene being formed 48 due to folds and creases in the initial single layer graphene. The sheet resistance measurements further indicate gaps and interruptions in the graphene layer. In poorly adhered graphene regions, although these would be nickel plated, subsequent delamination of the graphene also removed the nickel coating, evident from the sparsity of graphene in regions where the nickel plating was unsuccessful.
For further study of the graphene−nickel interface, the electroless deposited nickel film was etched by a method similar to that of Leong et al. 38 Figure 8 illustrates representative Raman maps after the electroless deposited nickel etching for the as-deposited and annealed patterned graphene samples in three regions: inside (location of the nickel-based film), edge (of deposited film), and outside contacts. The broadened D (∼1360 cm ) peaks are characteristic for functionalized graphene, 49 while the present, well-defined 2D peak at ∼2700 cm ) at the electroless nickel contact edge for the annealed sample confirms a higher defect density in this region. As Cancado et al. 50 have discussed, there are fine differences between "silent" and structural defects in graphene. However, in our case the D peak is not dominating the Raman spectra, indicating that the electroless-activated single-layer graphene is not significantly structurally disordered. 51 Raman maps of the graphene−nickel interface also reveal some distinctive trends, presented in Figure 9 . The 2D:G intensity ratio shows a decrease from 0.61 to 0.43 over the etched nickel regions suggesting increased defects/doping in this region after annealing. This compares with a 0.44−0.40 ratio change in the exposed graphene regions outside of the contacts. However, the contact edge graphene−nickel interface exhibits significant changes as a result of the heat treatment, the ratio changing from 0.45 to 0.18. This marked difference in ratio at the edge is believed to be due to the favored growth toward the hydrophilic photoresist regions leading to a higher dopant concentration in the graphene, changing the interface properties. 52 The significant reduction in contact resistance after the annealing treatment can be explained by the enhanced chemical reactivity of graphene via carbon dangling bonds 53 combined with some level of Ni doping. 54 When this contact fabrication approach is compared to other reported techniques, lower contact resistances are currently obtained from evaporation approaches. Options to reduce this electroless nickel contact resistance are work function engineering by the electroless deposition of metal combinations 22, 55 or graphene doping, 56 and our work provides a useful basis for further investigation in this area. 
Research Article ■ CONCLUSIONS Electroless nickel deposition was explored for the first time as a metallization alternative for CVD transferred single-layer graphene substrates. The obtained average nickel contact resistance of 43 ± 5 kΩ·μm significantly improved via annealing at 400°C giving a 50% reduction in contact resistance to 21 ± 2 kΩ·μm. Surface analysis indicated that variable metal adhesion onto the graphene samples is a side effect of discontinuities in the CVD transferred graphene due to cleaning and lithography process steps. Examination of the interface suggests further crystallization of the nickel and enhancement of the Ni−C bonding is achieved upon annealing. Intrinsic stresses are formed in the nickel film due to the deposition process, including hydrogen desorption and growth of islands, while extrinsic stresses emerge due to different thermal properties between the film and substrate during removal of the sample from the nickel bath and subsequent cooling. A good graphene−substrate interface should be ensured prior to any experimental work for minimizing delamination due to Ni−P film stresses. Further work should target the compatibility of photolithography with electroless deposition techniques with careful optimization of film uniformity (controlled growth), slow substrate cooling after the electroless deposition process, and the annealing temperature.
The method is expected to be transferable to various graphene-based materials, but as the electroless plating bath parameters are highly dependent on the properties of the substrate to be coated, bath parameters may require tuning for these materials. It is anticipated that through work function engineering, this simple, low-temperature metallization method can ultimately be developed for integration with graphene based electronic technologies and is worthy of further investigation.
■ METHODS
Graphene samples were purchased from Graphenea (Spain) and consisted of single-layer graphene transferred onto a 4 in. SiO 2 /Si substrate wafer and then diced into 7 mm × 7 mm squares. Chemicals were purchased from Sigma-Aldrich (U.K.) unless otherwise stated.
Cleaning Method. The graphene samples were cleaned by rinsing in acetone and isopropanol and blow dried with a nitrogen gun. UV lithography (Karl Suss MJB-3) was performed to define the contacts, selectively exposing the graphene areas. The LTLM mask consisted of sets of pads at distances varying between 50 and 400 μm for consecutive electrodes. The CTLM mask contained concentric patterns with radii between 100 and 1000 μm.
Electroless Nickel Deposition and Etching. The patterned graphene samples were immersed in a tin sensitizing solution (80 g/L tin(II) chloride with 37% hydrochloric acid in deionized water, solution 1 in Figure 2 ) at room temperature for 3 min. After a single rinsing step in deionized water, the samples were immersed in a 50°C heated activating solution (0.15 g/L palladium chloride in deionized water, solution 2 in Figure 1 ) for 5 min. Upon activation, the samples were rinsed twice in deionized water and then placed in the nickel plating bath (solution 3 of Figure 1 ) for 4 min. The electroless nickel plating bath, adapted from a previous study, 18 was prepared from two initial aqueous solutions heated to 50°C prior to mixture: a metalbased solution containing nickel sulfate (35 g/L) with ammonium chloride (50 g/L) and a reducing agent-based solution containing sodium hypophosphite (15 g/L) with sodium citrate (50 g/L). Different bath conditions were tested with pH adjustment (6−8) being controlled by addition of ammonium hydroxide and a hot plate used for temperature control (60−90°C). Upon removal from the nickel-based bath, the samples have been rinsed with DI water held at a temperature of approximately 35°C and placed in the oven at 50°C for 15 min in order to facilitate the surface drying. The selectively deposited nickel contacts were released via a final lift-off step in acetone. The postmetallization annealing was performed in an RTP (JetFirst 200) furnace in forming gas N 2 :H 2 (97:3) for 120 s.
The nickel film was etched by sample immersion in 70°C heated aqua regia for less than 1 min. The acid solution was obtained by mixing 69.5% nitric acid (Technic) and 37% concentrated hydrochloric acid (Technica) in 1:3 ratio.
Measurements and Analysis. The photoresist step and nickel contact height upon lift-off were checked using a Tencor P-1 long scan profiler. Nickel−graphene surface analysis and imaging were performed using X-ray photoelectron spectroscopy (K-Alpha XPS, Thermo Scientific, East Grinstead), atomic force microscopy (XE-150, Park Systems), Raman spectroscopy (Horiba Jobin Yvon LabRAM HR800), and scanning electron/energy dispersive microscopy (SEM-EDX, Hitachi TM3030). The electrical measurements were taken using an Agilent B1500 system.
The Raman maps were batch processed to obtain reasonable fits to the data, using Lorentzian peaks at the expected D, G, and 2D positions. Contour profile plots are presented to visualize the variation of the relevant peak ratios. High-resolution ESEM images were obtained using XL30 ESEM system at the Electron Microscopy Unit, Newcastle University.
XRD measurements were performed using a Bruker D8 ADVANCE instrument with Cu source (λ = 0.154 nm), using a simple θ/(2θ) setup. True parallel beam conditions were achieved by using a Goëbel mirror and axial Soller at the source and detector, respectively. Line broadening effects are minimal at the relatively low angles of interest in this study and, as such, are neglected.
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